Abstract: Existing research on progressive collapse of building structures mainly focuses on 4 concrete and steel frame structures. To investigate the progressive collapse resistance of high-rise 5 reinforced concrete (RC) frame shear wall structures, two typical 15-story building models are 6 designed with equivalent overall lateral resistance to seismic actions. However the structural layouts 7 in resisting the lateral forces are quite different for the two buildings. Building A is a weak 8 wall-strong frame structure whilst Building B is a strong wall-weak frame system. 3-D finite 9 element models of the two structures are established using fiber beam and multilayer shell elements. 10
Introduction 21
Progressive collapse is considered as a type of chain reaction failure that follows the initial damage 22 in a relatively small portion of a structure (Ellingwood and Leyendecker 1978) . Progressive 23 collapse of building structures, which is a significant threat to public safety, has been studied for 24
Existing research studies have investigated the progressive collapse resistance of primarily 26 frame type of structures via experimental and numerical methods. By the experimental means, 27 Sasani et al. (2011a) studied the progressive collapse resistance of an actual 11-story RC frame 28 structure following an initial damage of four adjacent columns and two beam segments. It should be 29
noted that large-scale tests of an entire structural system remain challenging given the limitations of 30 test facilities and costs involved. Thus, structural components or sub-structure systems are 31 frequently tested to study their progressive collapse behaviors under large deformations. Such tests 32 include: a one-third scale four-bay and three-story planner RC frame (Yi et al. 2008) , continuous 33 beam sub-assemblages (Su et al. 2009 ), interior beam-column sub-assemblages (Kai and Li 2011) , 34 large-scale beam-column sub-assemblages ), a two-story steel moment frame 35 (Chen et al. 2011 ) and a steel-concrete composite frame with rigid beam-to-column connections 36 (Guo et al. 2013) . 37
In addition to the experimental studies, numerical simulation techniques have also been 38 extensively employed in collapse analysis because they are effective and suitable for studying the 39 behavior of entire building structures. Parametric studies can also be easily conducted using 40 numerical means, covering static or dynamic, linear or nonlinear analysis. Extensive numerical 41 simulations of progressive collapse of frame structures have been performed, such as steel frames 42 analyzed using the pushdown method (Kim et al. 2009 ), a 20-story steel frame structure considering 43 different column removal scenarios (Fu 2009), an existing 8-story steel frame simulated using a 44 nonlinear dynamic finite element procedure (Kwasniewski 2010) , RC frame wall structures based 45 on a macro model-based approach (Bao and Kunnath 2010), RC structures analyzed using a bar 46 fracture model (Sasani et al. 2011b ) and a steel frame building using a 3-D nonlinear model (Li and Note: fc = compressive strength of concrete; fy = yield strength of steel 86 a As the beam section of Building A is relatively larger, lower strength steel is used to satisfy the minimum requirement of the 87 reinforcement ratio specified in the design code. Otherwise, the beams will be significantly over-strength.
The Finite Element Model 90
The finite element models of Buildings A and B are established based on the general finite-element 91 program MSC.MARC (MSC 2007) , which has an excellent nonlinear computational capacity. The 92 beams, columns and coupling beams are simulated using the fiber beam model developed by the 93 authors, whereas the shear walls are simulated using the multilayer shell model of MSC.MARC. In 94 addition to the brief description below of these two element models, more detailed information can 95 be found in the work of Lu et al. (2013a) . In the existing literature (Tsai and Lin 2008, Kokot et al. 96 2012), the slab contribution to the progressive collapse resistance was often neglected which 97 produced conservative outcomes. This study follows the same strategies where the loads on the slab 98 (including its own weight) are assigned to the corresponding beams according to the load 99 distribution relationship. 100 
Multilayer Shell Model 117
In both buildings, the shear wall is made up of a middle wall and two boundary elements (see 118 Figure 3a ). In the numerical model, the integrated shear wall is modeled by the multilayer shell 119 elements. The additional reinforcing bars within the boundary elements are simulated by the truss 120 elements which are embedded in the multilayer shell model at the corresponding nodal locations 121 (see Figure 3b) . The mesh size of the multilayer shell element is 300mm×300mm and that of the 122 truss element is also 300mm in the Z direction (see Figure 3b) . The multilayer shell model is 123 composed of a number of concrete and steel layers, for which the thickness and material properties 124 can be defined separately. The reinforcing bars in the shear walls are defined as one or more steel 125 layers with an equivalent reinforcement ratio. Based on the previous successful studies using the 126 wall of length greater than 2H, a length that is twice the clear story height H can be removed; 147 whereas if the length of the wall is less than 2H, the entire length of the wall can be removed. Based 148 on these specifications, the entire length of the wall in the Y-direction (i.e., 6 m in Building A which 149 is less than 2H (2H = 7.2 m)) is removed, as shown in Figure 1a . In Building B, three removal 150 approaches of the inner load-bearing walls are implemented, as detailed in Figure 1b . "Removal 151 approach 1" is similar to that used for Building A, i.e., the entire length of the shear wall in the 152 Y-direction is removed. "Removal approach 2" refers to the removal of the entire length of the wall 153 in the X-direction. For "Removal approach 3", a length of the wall that is equal to the story height 154 H in both the X-and Y-directions is removed from the inner walls, in which one or both of the 155 interconnecting walls is load-bearing (DoD 2010). In this study, the removal scenarios of the shear 156 walls from the bottom, mid and top stories (i.e., the 1 st , 7 th and 15 th stories) are considered to 157 evaluate the progressive collapse responses of these two structures. 158
According to GSA2003 and DoD2010, the procedures of the nonlinear dynamic AP method 159 involve: (a) starting at a zero load, monotonically increase the acceleration of gravity from 0 to 1g 160 to the entire model (i.e., the column or wall section has not been removed yet) until the gravity load 161 is fully applied; and (b) after the static equilibrium in gravity load and internal forces is reached, the 162 target structural element is rapidly removed and the nonlinear dynamic response of the structure is 163 analyzed until the structure collapses or reaches a new steady state. In this paper, the DoD2010 164 collapse criterion for RC frames is used to identify the structural collapse. In the following analysis, 165 it is found that when the vertical displacement of the joint (at the top of the removed column or 166 shear wall) exceeds the threshold value specified in DoD2010, i.e. 1/5 of the shortest span of the 167 connecting beams, the deformation of the structure continues to develop without converging, which 168 confirms the rationality of the threshold value as the collapse criterion. 
Removal of the Frame Columns in Building B 198
For Building B, Table 2 indicates that progressive collapse does not occur when the short edge 199 column on any story is removed. However, collapse is triggered when the corner, the long edge or 200 the interior column is removed from any story. Following removal of the short edge column, the 201 amount of unbalanced gravity loads resisted by the connecting beams is less than that resisted by 202 the beams in the other areas. This implies that the progressive collapse resistance demand under the 203 short edge column removal scenario is the lowest, which enables the survival of the building after a 204 column removal catastrophe. As a typical example, Figure 5 demonstrates the removal scenario of 205 the long edge column in Building B. The deformed shape due to the 7 th -story column removal is 206 presented in Figure 5a , in which progressive collapse is found to occur on and above the 7 th -story. 207 As mentioned previously, the frames in Building B are weaker than those in Building A, 212 resulting in a significantly lower collapse resistance than that of Building A. The analysis results 213 reveal that the chosen high-rise RC frame shear wall structure (Building B), designed to provide 214 lateral capacity mainly via the shear walls, presents a greater risk of progressive collapse on its 215 frame component; thus, a special collapse prevention design is required. 216
Removal of the Shear Wall in Building A 217
For Building A, the analysis results indicate that progressive collapse does not occur when the shear 218 wall is removed from any representative story (i.e., 1 st , 7 th , and 15 th stories). Figure 6a illustrates the 219 deformed shape of Building A after the shear wall in the Y-direction is removed from the 1 st -story. 220 Figure 6b shows the vertical displacement-time history responses of the joints (at the top of the 221 removed wall) when the shear wall is removed from the x th -story (x=1, 7 and 15). It is noted that 222 when the shear wall on the lower story is removed, the joint displacement is larger and it takes 223 longer for the structure to reach a stable state. Although a significant displacement is observed, the 224 structure can reach a new stable state and progressive collapse does not occur. The maximum 225 displacement of the joint is approximately 118 mm, which is also significantly smaller than the 226 Although the design redundancy of the frame (mainly influenced by the reinforcement ratio 237 and the member size) in Building B is much lower than that in Building A, the vertical displacement 238 of Building B following the removal of the x th -story shear wall is much smaller. This is because the 239 redundancy of the shear walls (mainly influenced by the number and arrangement of the shear walls 240 while the reinforcement ratio has less effect) in Building B is larger as its shear walls are 241 interconnected to form a "C" shape (Figure 1b) . Thus the deflection response of Building B is 242 significantly reduced, resulting in better performance than Building A, in which the shear walls are 243 arranged in only one direction. For Building A, in spite of the lower redundancy of the shear walls, 244 the frame connected with the removed shear wall has higher reinforcement ratio (in order to meet 245 seismic resistant requirements) which can serve as an alternative load path to resist progressive 246 collapse. In summary, in RC frame shear wall structures designed to satisfy the seismic 247 requirements, the shear walls are robust enough to resist progressive collapse. 248
Despite the fact that both Buildings A and B can resist progressive collapse after the removal 249 of the shear wall, their alternative load paths are rather different. configurations in GSA2003) for the frame elements. Then the expected ultimate QCE of the framethan QCE, then the frame element is re-designed (by increasing the amount of reinforcement) 273 according to QCE and the increased steel percentages are calculated. The analysis indicates that the 274 reinforcement ratio in frame columns is not necessary to be increased. For the mid-span sections of 275 beams, their ultimate bending capacities are usually larger than QCE and only a few sections need to 276 be re-designed by increasing the reinforcement ratio. However, the ultimate bending capacities at 277 the beam ends are much smaller than QCE and therefore the reinforcement ratio at these locations 278 must be considerably increased. This is in accordance with the research findings of Li et al. (2011) 279 in that progressive collapse resistance is predominantly provided by the bending moment of the 280 beam ends under small deformations. Table 3 summarizes the reinforcement amount in the frame 281 beams before and after performing the progressive collapse prevention design. It can be seen that 282 the reinforcement amount has an 8.70% increase in the re-designed structure. 283 slightly increase the reinforcement ratio in the frame beams connected to or exactly above the 293 removed column. Note that, in this step, to ensure minimum reinforcement demand is met, the 294 reinforcement ratio should be gradually increased. (3) Re-run Step 1 until no collapse occurs. 295
During the nonlinear dynamic design process, the initial static analysis results should be referred to, 296 in particular those beam sections having much lower bearing capacity than QCE. In addition, 297 increasing the reinforcement ratio at the beam ends is more effective to prevent collapse than 298 increasing it at the mid-span sections. Table 3 also lists the minimum demand of reinforcement 299 (with a 3.17% increase) in resisting progressive collapse which is calculated via the nonlinear 300 dynamic AP method. It is evident that the linear static AP method is slightly conservative as 301 compared to the minimum reinforcement demand required by the nonlinear dynamic AP method. 302
To verify the reliability of the linear static AP method, the re-designed Building B is analyzed 303 again using the nonlinear dynamic AP method. Results show that the re-designed structure can 304 adequately resist progressive collapse following removal of any frame column from any story. This 305 suggests that the progressive collapse resistance of Building B can be significantly enhanced after a 306 collapse prevention design is implemented. Results also demonstrate that the linear static AP 307 method specified in GSA2003 is reliable and efficient for collapse prevention designs of typical and 308 representative high-rise RC frame shear wall structures. 309
Conclusion 310
Two typical 15-story RC frame shear wall building models, with equivalent overall lateral 311 resistance to seismic actions, are established in this study to evaluate their progressive collapse 312 resistances. However the structural layouts in resisting the lateral forces are quite different for thecollapse, Washington (DC).
